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Abstract. The paper presents a cooperative consideration of Raman spectra of sp2 amorphous 
carbons as well as the nature and type of their amorphicity. The latter was attributed to the 
amorphization of a new type named as enforced fragmentation. The fragments are stable 
graphenous molecules, which are the basic structural units (BSUs) of the solids, determining 
them as amorphics with molecular structure. Due to weak intermolecular interaction, BSUs, once 
aggregated, are the main defendants for IR absorption and Raman scattering of the solids, just 
justifying the consideration of them at molecular level. The standard G-D-2D pattern of Raman 
spectra of polycyclic aromatic hydrocarbons, sp2 amorphous carbons, graphene and/or graphite 
crystal is attributed to extended honeycomb composition of carbon atoms and are suggested as 
manifestation of molecule-crystal dualism of graphenous materials. The molecular 
approximation, applied to the analysis of one-phonon spectra of the studied sp2 ACs, makes it 
possible to trace a direct connection of the G-D spectra image as well as their broadband 
structure with a considerable dispersion of the C=C bond lengths within BSUs honeycomb 
structure, caused by the influence of chemical action, deformation, etc.  This approximation, 
applied to the interpretation of two-phonon spectrum of graphenous molecules for the first time, 
reveals a particular role of electrical anharmonicity in the spectra formation and attributes this 
effect to a high degree of the electron density delocalization. A size-stimulated transition from 
molecular to quasi-particle phonon consideration of Raman spectra was experimentally traced, 
which allowed evaluation of a free path of optical phonons in graphene crystal.  
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Like our own signatures, Raman spectra, when properly analyzed, 
can reveal much about the character as well as the identity of the 
molecular signatory 
 
Derek A. Long. 
 
1. Introduction 
 
Seemingly simple and even routine at first glance, the plot in the title of the article is actually 
far more complex. Difficulties concern both personages of the plot. Due to rapid development of 
graphenics, Raman scattering has become in recent years a massive usual method of testing a 
variety of graphenous materials. A well-known solid-state approach, based on applying the 
difference in intensities of the components of either G-D doublet or G-D-2D triplet of 
characteristic bands for the fixation of the objects structuring (see germinal works [1-8]), filled 
thousands of pages of publications. In the vast majority of cases, this approach is used entirely 
formally without analysis of what graphenous material under study is and what, in fact, its Raman 
spectrum is talking about. The purpose of this article is to show, by the example of Raman 
scattering by sp2 amorphous carbons (ACs), that the abyssal content of the spectra obtained is 
closely related to the properties of the scattering object and contains important and unique 
information about it that goes beyond the formal G-D and/or G-D-2D considerations. To this end, 
we have studied under the same condition Raman spectra of seven elitist sp2ACs of different 
origin and of the highest carbonization rank, comprehensively tested concerning their structure 
and chemical content, and two referent graphites of different structure. A comparative analysis 
of the obtained spectra, complemented with a detailed consideration of the object amorphicity, 
allowed finding a deep connection of the spectra patterns with the objects structural data and 
chemical content as well as pointing to a necessary discrimination of conditions when either 
molecular or solid-state approach are appropriate for the spectra interpretation.  
The paper is composed as follows. Section 2 is devoted to the modern nomenclature of 
amorphous carbons. An overview of the Raman spectra of the studied samples and problems 
concerning their interpretation are presented in Section 3. Specification of the ACs amorphicity 
and solid-state approach of the spectra consideration are discussed in Section 4. General 
comments concerning vibrational spectroscopy of amorphous carbons as well as main concepts 
of molecular approach related to graphenous molecules are considered in Section 5.  Sections 6 
and 7 present the interpretation of the obtained Raman spectra in the frame work of molecular 
approximation, concerning one- and two-phonon fractures, respectively. Conclusion summarizes 
main essentials received.  
 
 
2. Today’s nomenclature of amorphous carbon  
 
Carbon, one of the most versatile elements around, manifests itself in a wide variety of 
allotropic forms that exhibit a diverse range of properties. ACs (amorphics for simplicity) are 
widely common and form a big class of members, both natural and synthetic. Natural amorphics 
are products of the activity of natural laboratory during geological billion-million-year time. 
Exhausted geological examinations allowed suggesting a few classification schemes of carbon 
materials produced, one of which, the most popular, slightly changed with respect to original [9], 
is schematically shown in Fig. 1a. The scheme presents a continuous evolution of a pristine 
carbonaceous mass into ordered crystalline graphite thus exhibiting the main stream of carbon 
life in the Nature. The evolution is presented as increasing carbonization rank of intermediate 
products. As seen in the figure, a general picture can be split into two gloves, the left of which 
starts with plants and sediments of different kinds and proceeds through sapropels to brown 
coals and later to usual coals and anthracite. The endpoint on the way is graphite. As for the right 
glove, it covers carbonization of pristine gas and distillate oil and proceeds through petroleum 
and naphthoids to asphalts and then to kerites, anthraxolites, and shungites. As in the previous 
case, graphite is the endpoint. Certainly, the division is not exactly rigid due to which a mixture 
of the two fluxes, particularly, at early stages of carbonization, actually occurs. This scheme is 
related to sp2 amorphous carbon that actually dominates in the Nature. sp3 Amorphous carbon 
is not so largely distributed over the Earth due to which diamond-like natural ACs have become 
top issues of the carbon mineralogy [10, 11] only recently. Natural amorphic sampling for the 
current study concerns anthracite, anthraxolite and shungite. 
   
 
 
 
 
 
Figure 1. a. Carbon life path in the Nature: Amorphous carbons based on the Uspenskiy’s classification 
[9]. b.  Rhombic phase diagram of the amorphous carbon-hydrogen-oxygen system.  
 
The family of synthetic amorphous carbons is quite large, covering species different by 
not only the carbonization rank, but also a combination of sp2 and sp3 components in the 
presence of hydrogen. Analogously to natural, synthetic amorphics were classified as well [12] 
and the relevant classification scheme is presented in Fig. 1b. Previously ternary, it is completed 
in the current study to a rhombic one to take into account oxygen as one more important 
ingredient, which is caused by large development of modern techniques of the ACs production. 
Comparing schemes presented in Figs. 1a and b, it becomes evident that those are related to fully 
different communities of substances. If natural amorphics belong to sp2 carbon family and are 
rank-characterized with respect to the stage of their metamorphism and carbonization, synthetic 
amorphics are mainly characterized by sp3-configured solid carbon. sp2 Group of the synthetic 
species takes only small place, marked by oval, in the total family and their carbonization is the 
highest. In part, this circumstance is because in the middle of the previous century a great 
(a) (b) 
influence on material science was exerted by the active development of the physics of 
amorphous state, which was formed mainly in relation to monoatomic amorphous silicon. 
Expectedly, the attention was also paid to the upper and lower silicon neighbors in Mendeleev’s 
periodic table, which stimulated the synthesis of sp3 amorphous carbon and germanium similar 
to that of silicon. Because of the absence of sp3solid carbon in nature, special technologies to 
produce t-C, t-CH, and sputtered sp2/ sp3 mixed -C:H products were developed. As for sp2 
synthetic amorphics, for a long time they were presented by multi-tonnage industrial production 
of glassy (covering graphitic, black, activated and other highly carbonized) carbon [13]. However, 
the graphene era called to life a new high-tech material – technical graphenes [14] which are the 
final product of either oxidation-reduction or oxidation-thermally-shocked exfoliation of 
nanosize graphite [15, 16]). Two new members of this community are on the way – that are laser-
induced graphene (LIG) manufactured by multiple lasing on cloth, paper, and food [17] and 
extreme quality flash graphene (FG) [18], the most approached by ordering to graphite.  
In the current study, our attention will be concentrated on sp2 ACs only. Recent 
comparative studies [19-27] together with a large pool of individual data have shown that these 
amorphics form a particular class of solid materials. As occurred, the general architecture of both 
natural and synthetic species is common and can be characterized as multilevel and fractal [28, 
29], while differing in details at each level. Conceptually, the AC structure of the first level is well 
similar presented by basic structure units (BSUs). The higher level structure depends on the BSUs 
size. Thus, in the case of natural amorphics, the second-level structure is arranged by nanosize-
thickness stacks of nanosize BSUs subjected to weak intermolecular interaction. These stacks 
form globules - a structure of the third level with pores of tens of nm. Further aggregation of 
globules leads to the formation of nano-microsize agglomerates characterized by pores of the 
corresponding size. Figure 2 presents schematically the evolution of such amorphic structure 
from a single BSU to macroscopic powder using a set of BSU model structures of shungite carbon 
suggested in [26, 27]. Synthetic amorphics are characterized by a large dispersion of BSUs lateral 
size from units to tens and/over first hundreds of nanometers. At the low-limit end of the 
dispersion, the amorphic structure is similar to that of natural species described above. At the 
high-limit end, the BSUs size does not prevent from BSUs packing in nanosize-thickness stacks 
while these laterally extended stacks are further packed in a paper-like structure.  
According to studies [14, 26, 27], BSUs of both natural and synthetic sp2 ACs present  
graphenous molecules, which, in their turn, are elements of a graphene honeycomb structure, 
framed around the perimeter by heteroatoms and/or atomic groups, including hydrogen, 
oxygen, nitrogen, sulfur, halogens and other elements. The molecules can be described by  
statistically averaged chemical formula (such as C66O4H6 in the case of shungite carbon in Fig. 3) 
that corresponds to the chemical content of the sample obtained experimentally. Size, shape, 
chemical content of BSUs as well as terminating groups and their disposition in the circumference 
greatly vary, due to which each AC, classified usually by origin, covers a large class of specially 
framed graphene molecules. Nevertheless, despite the complexity of the overall fractal structure 
of sp2 ACs, precisely BSUs determine the solids properties and stipulate molecular-structural 
approach for their description. Firstly applied to vibrational spectra of the solids provided by INS 
and DRIFT spectroscopies [25, 27], results of which were successful, in the current paper the 
approach is extended to the Raman spectra.  
To this end, specific sp2 AC representatives of the highest-rank carbonization, well tested 
in relation to their structure and chemical composition, were selected [26, 27]. This set involved 
samples of two carbon blacks (CB632 and CB624), one chemically (Ak-rGO) and one thermal-
shock exfoliated (TE-rGO) technical graphenes as well as shungite carbon (ShC), anthraxolite 
(AnthX), and anthracite (AnthC) (see the detailed description of samples in [27]). The set is 
complemented with two Botogol’sk graphites of the best quality [30] characterized by mono- 
(mncr) and microcrystalline (cr) structure. The structural and chemical data of the samples are 
summarized in Tables 1 and 2. The data obtained earlier are supplemented in this study by the 
results of the X-ray diffraction and EDS measurements for the two graphites.  
 
        Table 1. Structural parameters of amorphous carbons 1 
 
Samples d (Å) 𝐿𝐶𝑆𝑅
𝑐 , nm 
Number of 
BSU layers 
𝐿𝐶𝑆𝑅
𝑎 , 
nm 
Ref 
mncr Gr2 3.35(X) 105 313 550 
this 
work 
cr Gr2 3.35(X) 49 146 184 
this 
work 
ShC 
3.47(N); 
3.48(X) 
2,5(N); 2.0(X) 7(N); 5-6(X) 2.1(X) [26] 
AnthX 
3.47(N); 
3.47(X) 
2.5(N); 1.9(X) 7(N); 5-6(X) 1.6(X) [26] 
AnthC 
(Donetsk) 
3.50(X) 2.2(X) 5-6(X) 2.1(X) [27] 
CB632 
3.57(N); 
3.58(X)  
2.2(N); 1.6(X) 6(N); 4-5(X) 1.4(X) [26] 
CB6243 
3.40(N); 
3.45(X)  
7.8(N); 6(X) 23(N); 17(X) 14.6 [26] 
Ak-rGO 3.50(N) 2.4 (N) 7(N) >20(N)4 [21] 
TE-rGO 3.36(N) 2.9 (N) 8(N) >20(N)4 [22] 
  1 Notations (N) and (X) indicate data obtained by neutron and X-ray diffraction, 
respectively.  
  2 The data are obtained by the treatment of (002) and (110) reflexes using 
Scherrer’s relation  LCSR = K·λ/B·cosΘ. Here λ is the X-ray radiation wavelength (CuKα) 
0.154 nm, Θ is the position of the (110) ( 𝐿𝐶𝑆𝑅
𝑎 ) and (002) (𝐿𝐶𝑆𝑅
𝑐 ) peaks, B is the half-
height width of the peak in 2Θ (rad)units,  and constant K constitutes 0.9 and 1.84 
for reflexes (002) and (110), respectively, in the approximation of a disk-shaped 
particles.  
 3 X-ray data were corrected in the current study. 
 4 𝐿𝐶𝑆𝑅
𝑎 = 20 nm means the low limit of the value accessible for the measurements 
performed.  
 
 
3. An overview of Raman spectra of sp2 amorphous carbons and problems to be solved 
 
 Despite the fact that the Raman spectra (RSs) of sp2 ACs were recorded countless number 
of time (suffice to say that RS is an indispensable participant in testing each natural and synthetic 
graphenous material), a joint test of different-origin representatives of these materials has not 
yet been carried out. The current study is the first when nine products of such kind are exhibited 
simultaneously. Raman spectroscopy was carried out with a LabRam HR800 instrument (Horiba, 
Jobin Yvon) at room temperature. The system was equipped with an Olympus BX41 optical 
microscope and a Si-based CCD detector (1024 × 256 pixels). A 50× objective (working distance 
~3 mm, numerical aperture 0.75) was used. Spectra were recorded in the 100–4000 cm−1 range 
using a spectrometer grating of 600 g/mm, with a confocal hole size of 300 μm and a slit of 100 
μm. As exciting radiation external Ar+ laser (514.5nm 1.2 mW) was used. Each spectrum was the 
result of three accumulations with a 10 s exposure. The spectra decomposition, if necessary, is 
provided with LabSpec 5.39 program using a pseudo-Voigt function (Gaussian-Lorentzian Sum) 
basis.  
 
 
Figure 2. Schematic transformation from a single BSU molecule to powdered solid amorphous carbon via 
BSU stacks and globule(s). Planar view on a model globule with linear dimensions of ~6 nm.  Dark gray, 
light blue, and red balls depict carbon, hydrogen, and oxygen atoms, respectively (see text). 
 
 
Table 2. Chemical content of amorphous carbons 
 
Samples 
Elemental analysis, wt%  XPS analysis, at%  
С H N O S 
Ref. 
C          O 
Minor         
impurities 
Ref. 
mncr 
Gr1 
99.0 - - 1.0 - 
This 
work 
    
cr Gr1 98.9 - - 1.1 - 
This 
work 
    
ShC 94.44 0.63 0.88 4.28 1.11 [26] 92.05 6.73 
S - 0.92; Si – 
0.20; N-0.10 
[26] 
AnthX 94.01 1.11 0.86 2.66 1.36 [26] 92.83 6.00 
S - 0.85; Si – 
0.25; N-0.07 
[26] 
AnthC 90.53 1.43 0.74 6.44 0.89 [27] 92.94 6.61 
Cl - 0.11 - S: 
0.34 
[26] 
TE-rGO 84.51 1.0 0.01 13.5 1.0 [27] 86.77 10.91 
F - 077; S - 
0.86; Si -0.70 
[27] 
Ак-rGO 89.67 0.96 0.01 8.98 0.39 [27] 94.57 5.28 S - 0.16 [27] 
CB624 99.67 0.18 0 0.15 - [26] 95.01 4.52 Si – 0.46 [26] 
CB632 97.94 0.32 0.04 1.66 0.68 [26] 93.32 6.02 Si – 0.66 [26] 
 1 EDS measurements 
 
 
Figure 3 presents a general view of RSs related to the studied solids. The spectra are 
collected in two columns related to natural (left) and synthetic (right) samples. All the spectra 
are of a characteristic view decorated with three sharp features. Paying tribute to the established 
terminology based on the DRRS approximation [1-8], we use G and D as well as 2D markers to 
designate bands of the obtained spectra related to one- phonon and two-phonon spectral 
regions, respectively.  
 Looking at this collection, we would like to start with the first features that concern fine-
structured spectra located in the first row in Fig. 3. Among the latter, there are two lineaments, 
which require a particular attention. The former is related to the RSs of graphites while the latter 
– to the RS of amorphic CB624. As for graphites, a scrupulous analysis of the available RSs reveals 
that a single G-band-one-phonon spectrum is a rarity, once characteristic for “the best” graphites 
such as Madagascar flakes and Ticonderoga crystals [1], Ceylon graphites [31], Botogol’sk 
graphites [31, 32], and some others. In contrast, in the predominant majority of cases, 
researchers are dealing not with monocrystalline, but highly structured graphites. As known, 
natural graphitization occurs not in a vacuum, but in a certain environment. Consequently, 
according to the main laws of nanosize-object chemistry [33], the termination of dangling bonds 
in the circumference of individual graphene sheets stops the growing of the latter thus 
transforming monolithic graphite massive into micronanostructured one with a characteristic G-
D doublet pattern of their RSs. Only particular circumstances such as high temperature and 
pressure could resist the graphitization stopping that is why large pieces of monocrystalline 
graphite are usually found at great depth in the Earth core, as is the case of Botogol’sk deposit. 
However, even under such conditions graphite rocks are not structurally homogeneous, 
consisting of microscopic monocrystalline blocks surrounded with micronanocrystalline graphite. 
Graphite spectra in Fig. 3 just exhibit these two mncr and cr constituents. Expectedly, BSUs of 
the studied graphites markedly differ in lateral size (see  𝐿𝐶𝑆𝑅
𝑎   data in Table 1), once terminated 
by oxygen, hydrogen, and other heteroatoms and/or groups, among which the weight content 
of oxygen constitutes ~ 1 wt% (see Table 2).   
 Similarity of the spectrum of amorphous CB624 and those of the discussed graphites 
convincingly evidences that not only in the depth of the Earth core, but also in industrial reactors 
producing carbon black a significant graphitization of amorphous carbon may occur. And if 
according the data listed in Table 1 the extent of the CB624 graphitization is modest enough, the 
RS willingly responds to it making the CB624 spectrum to be quite similar to the spectrum of ncr 
graphite. A detailed discussion of the peculiarity will be presented in Sections 6 and 7. 
 The spectra of natural ACs as well as technical graphenes and carbon black CB632 keep 
the same G-D-2D pattern, but are significantly broadened. The spectra pattern convincingly 
evidences the commonality of the governing motives of the solids structure, which are provided 
by the relevant BSUs, thus reliably representing the commonality of graphenous nature of their 
carbon skeletons. Therefore, it becomes evident that just extended honeycomb composition of 
carbon atoms is responsible for the G-D-2D pattern of the amorphic RSs.  In the current case, the 
lower size of the composition constitutes ~1.4 nm. However, the same RSs pattern is 
characteristic for molecules of 2D polycyclic aromatic hydrocarbons (PAHs) [34, 35], which 
shortens the size criterion to ~0.5 nm. Thus, we are facing an amazing manifestation of molecule- 
crystal dualism of graphene [36], which reveals itself in the form of a standard G-D-2D spectrum 
shape in the entire scale of the size range covering a particular chain of sp2 carbonaceous species 
from 2D PAHs to graphite via ACs. 
 Intuitively, precisely this not yet conscious, but existing dualistic nature of the RSs 
peculiarity led the foundation of two approaches suggested for its explanation, namely, crystal  
 
Figure 3. A general view of room-temperature Raman spectra of shungite carbon (ShC), anthraxolite 
(AnthX), anthracite (AnthC), technical graphene TE-rGO [20] and Ak-rGO [19], Merk-Sigma-Aldrich 
carbon blacks 699632 (CB632) and 699624 (CB624), and mono (mcr) - and micronanocstructured(ncr) 
graphites. respectively. 
 
and molecular ones. The former, known as DRRS [1-8], is widely explored with the researcher 
community and forms grounds for the mainstream of the interpretation of the RSs of graphenous 
materials. The latter, developed by an Italian team [37-47] has been so far outside of the 
mainstream. However, in the light of the dualistic peculiarities of the spectra discussed above, it 
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deserves careful consideration. In what follows, both approximations will be analyzed from the 
viewpoint of their ability to explain the Raman scattering from graphenous materials within the 
whole size scale of the latter, mainly addressed to sp2 ACs. A clear presentation of molecular-
structural and solid-structural visions of sp2 ACs is needed to make this analysis the most 
comprehensive. The former was discussed in the previous section. The latter is presented in the 
next section.  
 
 
4. The amorphicity of sp2 solid carbon 
 
 Despite sp2 ACs have been the object of study and practical use for hundreds of years, 
until now they have not been considered from the general concept of the solid-state physics. The 
amorphicity of solids was widely studied and the main concept is discussed in a monograph [48]. 
The first issue of the concept concerns a considerable degree of amorphous solid ordering 
despite the lack of periodicity and/or translational symmetry. The ordering is subdivided into 
short-range (local) and medium range ones, the boundary between which passes around a few 
nm. The second issue is related to a direct connection of the solids properties and their local 
ordering due to which establishing a local structure has always been the main goal of studying 
amorphous solids. In the case of monoatomic Si and Ge, it was found that tetrahedrally bonded 
atoms form the short-range order of the solids. The two chemical entities together with carbon 
form the common tetrel family of Mendelev’s periodical table and can be subjected to a 
comparative analysis based on the phase diagram shown in Fig. 1b.  Evidently, the data related 
to Si and Ge are concentrated near sp3 corner indicating the similarity of these materials with t-
C phase only. The same is related to Si-H and Ge-H, on the one hand, and t-C:H, on the other. 
The remaining part of the C-diagram is connected with the presence of sp2-configured amorphics 
while there are neither silicious nor germanious analogues of the species. We believe that the 
absence of sp2-configured amorphous phase of solid Si and Ge as well as ‘aromatic’ families of 
the species chemical compounds and freestanding honeycomb monolayer silicene and 
germanene is due to a fundamental reason connected with an extreme radicalization of their 
elongated double covalent bonds [49, 50]. Drastic difference of carbon materials from those of 
tetrels, caused by the feature, is considered in details in monograph [36]. Accordingly, from the 
standpoint of the general concept of amorphicity, monoatomic solid carbon has the unique 
ability to form amorphous (as well as crystalline) states of two types, characterized by 
fundamentally different short-range orders presented by either tetrahedral groups of bonded 
atoms  or a honeycomb network of benzenoid units.  
As mentioned earlier, extensive studies of a set of sp2 ACs [14, 19-27] allows convincingly 
concluding that their short-range order is provided with framed graphenous molecules. The 
framing of molecules plays a decisive role, ensuring the formation and stability of short-range 
order, on the one hand, and preventing crystallization, on the other [28, 33], thus attributing the 
origination of sp2 ACs to the reaction amorphization [48]. The medium-range order of the 
amorphics reliably follows from the fractal porous structure evidently observed experimentally 
[29, 51] and is presented by nanosize BSU stacks, composed in either globules (natural amorphics 
[28]) or paper-like sets of stacks (technical graphenes [21, 22]). A model structure of a globule, 
shown in Fig. 2, corresponds to shungite carbon. Molecule C66O4H6 constitutes one of possible 
models of the ShC BSUs, related to structural and chemical data of the species listed in Tables 1 
and 2. Composed into four-, five-, and six-layer stacks, the molecules create a visible picture of 
the medium-range order of the species. Analogously, medium-range-order globules of 
anthraxolite and anthracite can by visualized using the relevant BSU models suggested in [27]. 
Apparently, similar medium-range configuration can be suggested for industrial carbon black 
CB632. Bigger lateral dimensions of BSUs of technical graphenes Ak-rGO and TE-rGO as well as 
carbon black CB624 make to think about laterally extended sets of several-layer stacks based on 
molecular BSUs similar to those presented in [27].  
Concluding this brief discussion of the general view of the sp2 carbon amorphicity, we 
should dwell on one more distinctive feature. Evidently, the molecular nature of BSUs makes it 
possible to reliably attribute sp2 ACs to amorphics with a molecular structure. However, in 
contrast to the typical representatives of this class of solids, which are based on molecules of a 
stable standard structure [52, 53], BSUs of sp2 ACs are not standardized and the data shown in 
Tables 1 and 2 represent only statistically averaged values. The transition from amorphous to 
ordered structure also occurs in different ways. In ordinary amorphics, this transition occurs as a 
gradual ordering of the positions of the constituent molecules with respect to each other via a 
sequence of mesomorphic transformation thus restoring translational periodicity (see details in 
[53]). In contrast, the crystallization, better to say, graphitization of sp2 ACs occurs due to 
increasing the BSU size, as is shown schematically in Fig. 4. To trace processing, we have fixed the 
atomic C:O:H relative content by the data related to shungite carbon and have simulated the 
intermediate transition by growing the carbon skeleton. Certainly, the size-increasing of 
individual BSUs is accompanied with bridging of both BSUs themselves and stacks of them. For 
many years, this bridging was considered as a priority process of sequential ordering of the 
primary block-mosaic structure of natural ACs [54-57]. Obviously, the priority of one of the two 
processes evidently depends on the environment. Nevertheless, not depending on whichever 
process dominates in practice, we should come to a conclusion that sp2 amorphous solid state 
can not be attributed to any of the known types of disorder characteristic for monoatomic solids 
and including topological no long-range one leading to irregular lattice as well as to spin, 
substitutional, and vibrational disorder of regular lattice [48]. What is observed empirically in the 
case of ACs, in terms of solid-state physics can be attributed to enforced fragmentation of ideally 
ordered graphite and/or graphene. Obviously, two types of  fragmentation, from the top and 
bottom ones, can occur.  
There might be various reasons for fragmentation, including mechanical impact, chemical 
reaction, temperature shock, exposure to hard radiation, etc., which can be easily traced by the 
history of the production of the ACs samples selected, in particular, for the current study [26, 27]. 
The fragments ensure the short-range order of the solids and are characterized by large variety 
with respect to not only different classes of ACs provided by different history and/or technology 
of their production, but the same class as well. The variety concerns size, shape, variation of 
chemical content, and, which is the most important, distribution of heteroatoms in the fragment 
framing area at fixed atomic percentage in average. Thus, models presented in Fig. 4, are only 
‘one snapshot’ of communities related to possible permutations of hydrogen and oxygen atoms 
in the framing area that have no number. Therefore, the fragment structure of sp2 ACs is highly 
inhomogeneous just attributing the solids to inhomogeneously amorphous structures.  
Another distinctive feature of sp2 ACs lies in the radical nature of their BSU fragments. As 
shown [26, 27], BSUs of ~2 nm in size are molecular radicals whose chemical activity is 
concentrated at non-terminated edge carbon atoms (these atoms are clearly seen on the top of 
Fig. 4) [27]. However, as can be seen from the figure, increasing the molecule size leads to 
decreasing the fraction of edge atoms due to which, at a fixed atomic composition C: O: H, the 
number of non-terminated atoms and the degree of the associated radicalization decrease. Thus, 
it is possible to think that weight content of oxygen in graphites in Table 2 corresponds to a 
complete termination of the relevant BSUs. Simultaneously, the presence of oxygen in the best 
graphites itself (the finding should be typical for all graphites [26]) evidences the limited size of 
BSUs as well as the unavoidable termination of the latter in the circumference. As for the 
weakening of the radicalization of BSU as its size grows, the issue, in particular, explains the well-
known empirical fact that enforced nanostructuring of sp2 ACs significantly enhances the yield of 
the reaction when the amorphics are used as carbocatalysts [58, 59]. With this idea of the main 
distinguishing features of the structure of sp2 ACs, we now turn to Raman scattering by these 
solids. 
 
 
Figure 4. BSU models for sequential graphitization of amorphous carbon like shungite carbon. Carbon 
skeletons (n, n) NGr are wrightangle  graphene sheets with n benzoid units along armchair and zigzag 
edges. Top down: (5, 5)NGr, (9, 9)NGr, (11, 11)NGr, (15, 12)NGr. Lateral dimensions are 1.2, 2.2, 2.7, and 
3.3 nm, respectively. Light gray, red and blue balls depict carbon, hydrogen, and oxygen atoms, 
respectively. The chemical composition of the species is subordinated to the chemical content in Table 2.  
Bottom. Graphite lattice and Brillouin zone. a1, a2 and a3 mark the unit cell of graphite. The irreducible 
domain is spanned by the Γ–M–K–Γ triangle within the plane. Adapted from [4]. 
5. Briefly about grounds of Raman scattering of amorphous carbons 
 
5.1. General concepts of crystal approach related to graphenous solids 
 
 For vibrational spectroscopy to become a valuable short-range structural probe, BSUs 
must be capable of being vibrationally excited independently from the surrounding amorphous 
matrix [48]. In the case of the studied sp2 ACs, the requirement is fully met due to the presence 
of the BSU framing areas, on the one hand, and the evident vibrational decoupling of the 
molecules weakly interacting with each other, on the other. The next issue concerns the spectra 
internal content. As known, vibrational modes are IR-active if there is a change in dipole moment 
associated with vibrations. Covalent homopolar bonds of molecules do not normally possess a 
static dipole moment due to which their activity arises from a dynamic mechanism in which the 
charge is transferred from extended to compressed bonds [60]. Evidently, the effect depends on 
the charge value. Homopolar C=C bonds with nil static moments constitute the main contribution 
of structure elements of BSUs molecules of the studied amorphics. As for dynamic mechanism, 
its effect depends on the charge value, which for a predominant majority of carbon atoms is 
small. Consequently, vibrational modes related to carbon atoms are expected to be practically 
IR-inactive. The feature is actually characteristic for DRIFT spectra of the studied amorphics [27], 
intensity of which was provided by heteroatoms located in the framing area of the molecules 
with the strongest preference of C-H bonds characterized by the largest static moments. 
Therefore, IR spectroscopy of sp2 ACs is a mean to study heteroatom framing of their BSUs. In 
contrast, the polarizability is quite favorable for homopolar bands and because these bonds 
dominate in the BSU structure Raman scattering becomes one of the main techniques to study 
the structure of carbon cores of graphenous materials.  
 Being structurally sensitive, Raman scattering is widely used in the study of amorphous 
solids [61, 62] and this particular method has been the main support for the classification of 
amorphics given above [48]. The latter was most clearly manifested in the study of monoatomic 
semiconductors Si and Ge (see a profound review [61]). It was shown that in the majority of 
cases (the matter concerns different ways of the solids production), the amorphics were to be 
attributed to topological ones. Because of the lack of translational periodicity, the parent 
crystalline phases deprave their plain wave character since quasi-momentum q losses its 
meaning due to which ∑ 𝜔𝑖𝑖 (𝑞 ≅ 0) fine-structured spectra of crystals transform into G() 
broadband spectra of amorphics exhibiting the density of phonon states [62, 63]. The effect in 
this case is especially striking due to the large bandwidth of both acoustic and optical phonons. 
The same character of the amorphicity was detected for amorphics with molecular structure, the 
only difference being that the spectra broadening under amorphization concern only acoustic 
phonons due to small bandwidth of optical phonons originated from vibrational modes of 
constituent molecules [53]. As for monoatomic amorphics, their disorder can be stimulated by 
substitutional disorder of regular lattice as well. Under this condition, quasimomentum q keeps 
its meaning to a great extent even if particular effects arise due to the presence of defects [61]. 
One of such effects is known as double resonant Raman scattering (DRRS) based on rigid relations 
between energies and quasimomenta of incident and scattered photons, on the one hand, and 
electron-hole pair and phonons, on the other. The phonon appearance is provided with the 
elastic scattering of electrons on defects [1, 3, 4]. This effect is most significant in the case of a q-
linear character of the electronic and phonon spectra of the crystal. Naturally, that graphite and 
graphene were the main objects to be considered from the standpoint of the DRRS approach.  
Thus, according to fundamentals of the solid-state physics of amorphous materials [48], 
this issue could be expected if both the crystal and its amorphous mesomorph are either 
monoatomically (Si and Ge) [61] or molecularly (say, MBBA or EBBA) [53] composed systems. 
To make it applicable to sp2configured graphite crystal, the latter, despite its hexagonal 
honeycomb structure, was considered as a monoatomically arranged system with four atoms per 
unit cell [1]. Each atom is chemically bound with three other atoms in one layer and weakly 
interacts with the fourth atom from the second layer thus mimicking tetrahedral groups of 
bonded atoms related to the sp3 configuration. The crystal phonon spectrum consists of nine 
optical phonon branches, peculiarities of whose dispersion in the Brillouin zone lead to sparks 
attributed to G and D bands.  However, the amorphization of sp2 solid carbon drastically changes 
the short-range order substituting the above tetrahedral groups with graphenous molecule of N  
atoms, which is accompanied with vibrational spectrum involving 3N - 6 vibrational modes [27]. 
Despite the fact, almost from the first steps, a discussion of the DRRS, which is valid for an object 
with a preserved regular lattice, slightly disturbed by the presence of defects, was turned to real 
samples of sp2 ACs, the actual disordering of which, is infinitely far from this model. Nevertheless, 
this approach, in practice transformed into G-D and/or G-D-2D ones ex cathedra, dominates at 
structural characterization of these solids. This paradoxical situation is caused, on the one hand, 
by the surprising simplicity and sameness of the experimental Raman spectra of both sp2 ACs and 
micronanostructured graphites discussed in Section 3. On the other hand, it is favored by the 
unique possibility of fitting theoretical parameters based on the approximation of the linearity 
of the energy spectra of electrons and phonons that determines the intensity of the effect. 
Apparently, physicists who were the first to adopt the practical use of RS for structural testing of 
graphenous materials were attracted by the simplicity of practical recommendations proposed 
by the DRRS approximation not going into the depth of the physical grounds underlying them. 
The greatest demand among these recommendations is the use of the ratio of the intensities of 
the D and G bands, 
𝐼𝐷
𝐼𝐺
⁄ , the half-width of the D bands, ∆𝜔𝐷, etc. Although the direct 
dependence of these parameters on the size and shape of graphenous fragments remains 
controversial, and in some cases absent, the number of publications including Raman testing of 
structural features of graphenous materials in the form described above is constantly growing 
(see [32,64-66] for a few).  
 
5.2. General concepts of molecular approach related to graphenous molecules 
 
 The molecular approach was developed in the opposite direction in order to explain the 
features of graphite RSs by those obtained from Raman scattering by graphenous molecules, 
which lead to a crystal spectrum in the limit of infinite size of a molecule [37-47]. The approach 
starts from the consideration of the object vibration spectrum. Evidently, this spectrum of any 
graphenous molecule is multitudinous and multimode due to which a certain simplification is 
needed to make the spectrum discussable. In the previous study [27] we suggested the spectrum 
of benzene molecule to lay the foundation of the simplified consideration of the vibrational 
spectra of sp2 ACs BSUs. The list of benzene vibrational modes and their assignment are given in 
Table 3. According to symmetry rules, modes 1-10 are active in Raman scattering while modes 
11-20 – in IR absorption. Evidently, any lowering of the molecule symmetry violates the double 
degeneracy and mixes the modes. Anyway, even with these limitations both Raman and IR 
spectra of benzene molecule should be quite rich. However, in practice the spectra of gaseous 
benzene are very simple and consist of small number of selected modes. Among the latter only 
two of them, 1 and 7, form the pattern of the observed RS.  When the number of benzene rings 
increases, considerable changing of the spectra patterns occurs. As for linear chains of benzene 
rings, the governing role in the spectra, starting from naphthalene, goes to mode 8 [66]. The 
corresponding band is surrounded by satellites due to the violation of the D6h symmetry of 
benzene and the removal of the degeneracy of the initial mode, first weak in naphthalene and  
              Table 3. Vibrational modes of benzene molecule (adapted from [67] ) 
 
 
 
anthracene, and then comparable in intensity in tetracene and pentacene. At the same time, a 
scattering of noticeable intensity in the region of modes 8 and 19 arises in the spectrum of the 
last two molecules. Therefore, the transformation of RS of benzene when going to pentacene 
consists in enhancing the role of C=C stretching vibrations originated mainly from e2g and e2u  as 
well as 8 and 19  benzene modes. The shape of the spectrum in this region is still rather complex.  
 Another feature is observed when going from polyacenes to two-dimensional (2D) π 
conjugated planar structures of PAHs consisting of spatially extended composition of benzenoid 
rings. The first objects were PAHs C78H32 [34] and C96H30 [35] synthesized by Prof. Müllen’s team. 
Raman spectra of both molecules [37] are not much distinguishable from the spectra of ACs 
presented in Fig. 3. Later on the PAH set was enlarged including molecules of different shape, 
symmetry, and carbon content from C24H12 to C114H30 [38, 39], whose RSs had a characteristic G-
D-2D pattern. As turned out, the characterization concerns the general pattern of the spectra, 
while 
𝐼𝐷
𝐼𝐺
⁄ , and ∆𝜔𝐷 parameters were quite individual. Thus, it was experimentally shown that 
the packing of benzoid cycles into a 2D planar structure leads to the characteristic G-D-2D 
appearance of the RS, which does not depend on the size and symmetry of the PAH molecules. 
 A profound theoretical analysis performed by the Italian spectroscopists [37-47] allowed 
both to reveal the reasons for the discovered uniqueness of PAHs RSs, and to establish their 
intimate connection with the spectra of graphite and/or graphene. This analysis was based on a 
thorough study of the dependence of the polarizability tensor of the molecules, which 
determines RS intensity, on the dynamic characteristics of the molecules under conditions of a 
multimode structure of the vibrational spectrum and various point symmetries. It was found that 
the main contribution to the intensity of the spectra is made by C=C stretchings, due to which 
the observed G–D spectra are characteristic spectra of the network of C=C bonds mainly. As for 
the stretchings themselves, the modes that determine G band originate from the e2g vibration of 
benzene, while the modes responsible for D band come from the e1u vibration of the molecule 
(see Table 3). The modes individuality is caused by peculiarities of their vibrational forms. As 
convincingly shown (see Fig. 5), the vibrations of G band correspond to simultaneous in-plane 
stretchings of all C=C bonds, while those related to D band concern both stretching and 
contraction of these bonds when carbon atoms move normally to them just imitating benzenoid 
ring breathing. The motion of carbon atom has a collective character, for which planar packing 
of benzenoid units is obviously highly preferable. In contrast, as seen in Fig. 5a, the vibrational 
forms of both e2g and e1u modes of benzene are local and different from collective forms of 
polybenzenoid molecules.  
 
 
 
Figure 5. Vibrational forms of selected normal vibrations: (a) benzene; (b) coronene; (c) 
hexabenzocoronene; (d) a perfect 2D lattice of graphene. Adapted from [39] and [67].  
 
Polarization of molecules is highly sensitive to the vibrational form. Actually, the quantity 
is generally described as [67] 
 
𝛼𝑡 = 𝛼 + ∑ (
𝜕𝛼
𝜕𝑄𝑖
)
0
𝑖 𝑄𝑖 +
1
2!
∑ (
𝜕2𝛼
𝜕𝑄𝑖𝜕𝑄𝑘
)
0
𝑖𝑘 𝑄𝑖𝑄𝑘 +⋯   (1) 
 
where α is the polarizability in equilibrium position, Q's are the co-ordinates of the individual 
normal vibrations, sets {𝑄𝑖} and {𝑄𝑘} present vibrational forms of the 𝑡
𝑡ℎ  vibration, and the 
subscripts 0 of the differentials refer to the equilibrium position. The third and subsequent 
members of the power series represent the electrical anharmonicity.  The intensity of one- and 
two-phonon Raman scattering is governed by the second and third terms, respectively.  As seen 
from the equation, the vibrational forms are directly involved into the intensity determination, 
differently for the Raman scattering of the first and second order.  
 Detailed consideration of the PAHs polarizability performed in the extensive study [37-
47] showed that parallel-to-bond vibrational forms, attributed by the authors to the type Я [39]), 
promote a steady intense one-phonon Raman signal G in all the studied molecules. The feature 
does not depend on the molecules symmetry and shape and is caused by the 
𝜕𝛼
𝜕𝑄𝑖
 derivatives, 
which all are positive. In contrast, normal-to-bond vibrational forms of type A [39] promote in 
this case both positive and negative 
𝜕𝛼
𝜕𝑄𝑖
 derivatives due to which the intensity of D band is tightly 
connected with the “quality” of C=C bonds which influences the normal vibration forms. So, if 
the bonds are identical, the contribution of A modes into the one-phonon signal is nil. In the 
opposite case, the signal is not nil and is the bigger, the bigger the difference between the bonds 
[40]. This conclusion has been approved on a number of PAH molecules, whose RSs were 
obtained and analyzed [37-40, 42, 44, 46]. Coming back to benzene, it becomes evident that the 
lack of collective character of the vibrational forms of e2g and e1u modes (see Figs 5a) does not 
favor the modes appearance in the molecule RS. Moreover, due to identity of C=C bonds and 
symmetry rule, D band must not be observed at all while G band of small intensity might be seen 
that is the real case.  
 From the very beginning of the study, Italian researchers have borne in mind RS of 
graphite and/or graphene crystals as a final point of the PHAs evolution by size. They extended 
their consideration over graphene crystal and have found that e2g mode at Г point of the first 
Brillouin zone is typical Я-mode while A’1 mode at K point clearly reveals А character (Fig. 5d). 
The findings undoubtedly evidence a peculiar collective character of the graphene phonons 
caused by benzenoid-hexagon structure. Therefore, until the honeycomb packing of benzenoid 
units is not broken, the graphenous molecules and supramolecules are characterized by the G-D 
patterned Raman spectra. Only a complete destruction of the sheet leads to this feature loosing, 
which was really observed for graphene after its extremely strong bombardment by Ar+ ions [69].   
Figure 5, in general, is deeply consonant with Fig. 4 and can be considered as a Raman-
spectrum image of sequential graphitization of amorphous carbon. Bearing this in mind, let us 
analyze RSs of the studied ACs in detail. To this end, consider G-D and 2D parts of the spectra 
shown in Fig. 3 separately.   
 
 
6. One-phonon Raman spectra of sp2 amorphous carbons 
 
 Figure 6 presents a collection of partitioned G-D spectra of the studied samples.  Taking 
into account the fact that the G-D spectra in the language of C=C stretchings tell us about the 
structure of the carbon backbone of graphenous molecules, once the BSUs of the studied ACs, 
we will try to know this story. The first thing that is immediately obvious is the convincing 
testimony of the BSUs honeycombs structure of all amorphics. This feature strongly support the 
fragmented character of sp2 ACs. The second thing, equally obvious, is that the pattern of the 
amorphic honeycombs, common overall, is noticeably different in details revealing by the 
difference in the spectra band-shapes. The main goal of the current analysis is to find out which 
namely information related to atomic structure of the studied BSUs is hidden in these details.  
The broadbandness of the obtained RSs is quite expected and is caused by two natural 
reasons attributed to internal and external dynamic inhomogeneity of the relevant BSUs. The 
former is due to a large number of stretching modes accompanied with a significant dispersion 
of the corresponding frequencies while the second is caused by a principal non-stadardness of 
the BSUs atomic structure. The first reason is obviously due to the large number of carbon atoms 
in BSU molecules N. Despite the fact, there is still an opportunity to divide 3N-6 molecular 
vibrations into a relatively small number of groups, which can be attributed to the characteristic 
modes originated from the modes of the pristine benzene molecule. As shown earlier [27], in a 
graphenous molecule with average lateral dimensions of ~ 2 nm and N ~ 200, approximately 200 
vibrational modes can be attributed to C=C stretchings, filling the frequency range 1300–1600 
cm-1. The stretchings frequencies are determined by the C=C bond lengths, as a result of which 
the dispersions of bond lengths and vibrational frequencies are tightly connected to each other. 
 The external inhomogeneity of BSUs is resulted from the dependence of the C=C bond 
length distribution over the molecule honeycomb on the molecule shape and the configuration 
of terminating heteroatoms in the molecule circumference (see a detailed description of this link 
in [70, 71]). The smaller is molecule, the more is the influence of the two last facts on the C=C 
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Figure 6. One-phonon Raman spectra of sp2 amorphous carbons. Sample marking is the same as in Fig. 3. 
 
bond distribution. As shown [26], a fixed C:O:H atomic content can be implemented with a large 
number of molecular graphenous structures of both the same and different shape, which is the 
reason of the discussed BSUs non-standardness and unavoidable structural and dynamical 
inhomogeneity of the short-range order of sp2 ACs. In its turn, the feature evidently promoted 
broadening of the resulting G and D bands.  
The band-shape analysis of the spectra in Fig. 6 from this standpoint allows making the 
following conclusion. 
(i) The largest BSU inhomogeneity is characteristic for technical graphene TE-rGO (Fig. 6f) 
while the smallest should be attributed to carbon black CB624 (Fig. 6e). BSUs of both amorphics 
are commensurate in lateral dimension with size ~ 20 nm (Table 1). However, when, as seen in 
the figures, big lateral size of CB624 BSU promotes an evident similarity of the spectra of this 
amorphic and ncr graphite (the issue of a particular interest will be discussed in details in 
Section 7), the difference between the spectra of technical graphene and micronanostructured 
graphite is the biggest. Apparently, the feature explanation should be associated with extremely 
complex chemical structure of the TE-rGO BSU circumference [27] that greatly disturbs C=C bond 
length distribution resulting in the large dispersion of stretchings frequencies.  
A comparative analysis of G-D spectra of technical graphenes in Figs. 6f and g makes the 
last conclusion not so unambiguous. As seen, the two spectra differ drastically although the 
amorphics BSUs are commensurate by size and similar in complexity of the chemical composition 
on their circumference [27]. Nevertheless, G-D spectrum of Ak-rGO reveals much smaller 
inhomogeneity in comparison with TE-rGO and shows a remarkable similarity with the spectrum 
of, say, AnthX, in Fig. 6c, the BSU size of which is one order of magnitude less (see Table 1) while 
the circumference chemical composition much simpler [27].   
(ii) G-D spectrum of carbon black CB632 in Fig. 6h differs from both the spectra of natural 
amorphics with commensurate BSUs and another carbon black CB624, BSU of which differs in 
size by more than one order of magnitude, demonstrating more significant dynamical 
inhomogeneity. As seen from the data presented for this amorphic in Fig. 7, changes in the 
chemical composition of the circumference is not enough to explain so big difference with 
respect to natural species. The largest that could be expected should be similar to changes in the 
spectrum of anthracite. In fact, the spectrum broadening turned out to be much stronger, which 
makes us look for other reasons for the feature such as the turbostratic character of BSU packing 
in stacks that is characteristic for CB632 [27] thus manifesting the effect of neighboring layer on 
the length distribution of C=C bonds in each individual layer.  
(iii) G-D spectra of natural amorphics in Figs. 6b-d, which are characterized by BSUs of 
practically the same size (see Table 1), demonstrate a considerable dynamic inhomogeneity 
attributed to the C=C bond length distribution as well as the difference in the honeycomb packing 
related to their BSUs. The latter convincingly confirms the conclusion previously made in the 
analysis of the amorphics DRIFT spectra [27]. Figure 7 presents a set of BSU models attributed to 
the studied amorphics based on a joint analysis of DRIFT and XPS spectra. They all have the same 
carbon core consisting of 66 carbon atoms, only one (III), two (IV), and four (II) of which are 
substituted by oxygen atoms. The set is complemented with the C=C bond length distribution 
related to each model. As seen in the figure, the distribution remarkably changes in response to 
varying compositions of the models circumference thus evidencing a different assortment of 
both bonds and vibrational frequencies of each amorphic. Certainly, these changes should 
influence the band-shape of the final spectra.  
(iv) The analysis performed above convincingly shows that the difference in the bond 
length distributions is obviously expected to be the main reason of the complicated broadband 
structure of the observed G-D spectrum. As seen in Fig. 7, all the distributions have a clearly seen 
frequency-stepped character. It is natural to expect that each step of these distributions in the  
 
 
Figure 7. Equilibrium structure of BSU models related to shungite carbon (I), anthraxolite (II), anthracite 
(III), and carbon black CB632 (IV). Distribution of C=C bond lengths of the model graphene cores. UHF 
AM1 calculations.  
 
 
                            
 
Figure 8. C=C bond sets of the model graphene cores (top) and deconvoluted Raman spectrum of 
shungite carbon (see text).  
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real Raman spectrum should be associated with a relatively narrow band, because of which the 
observed spectrum represents a convolution of such bands. Obviously, the number and width of 
the bands depend on the step grouping of the bonds, shown for the studied models in Fig. 8a. 
According to the vibrational dynamics of molecules, grouping of valence bond lengths {𝑙𝑖} 
naturally transforms in that one of force constants {𝑓𝑖}, which depend on the relevant lengths. 
Following Badger’s rule [72], this dependence for C=C stretching vibrations takes a form 𝑓𝑖 =
3.0(𝑙𝑖 + 0.61)
−3[73] for constant and length units in 102 Nm-1 and 10-10 m, respectively. 
According to this relation, changing the length from 1.5 Å to 1.3 Å in Fig. 8a corresponds to 
frequencies growing from 1300 cm-1 to 1700 cm-1, which fully covers the spectral area of 
broadband G-D spectra observed experimentally. Therefore, grouping of C=C bonds in the 
studied amorphics causes a similar response of C=C stretchings frequencies thus laying the 
foundation of ‘multiband’ origin of their observed broadband G-D RSs. 
(v) Intuitively, the multiband character of the G-D spectra was taken into account and 
adopted by spectroscopists, starting with the first studies of Raman scattering in amorphous 
carbon and graphites (see, for example, [32, 66] and references therein). Standard programs of 
spectra deconvolution, such as LabSpec 5.39 in the current study, were widely used for 
experimental spectra decomposition. A typical example of such treatment is presented in Fig. 8b. 
The set of D1-D4 bands complemented with G band presents the usual basis for decomposing. 
Quite narrow spectral region and governing role of D1 and G bands provide a rather small 
dispersion in the maximum positions and FWHMs of D2-D4 bands thus giving a possibility to use 
the D1-D4 and G bands features when comparing RSs of different samples. Until now, it has been 
a comfortable formal language only facilitating the spectra description, while any changing G-D 
spectrum shape directly exhibits the reconstruction of the C=C sets of honeycomb structures of 
the samples BSUs. 
 (vi) Concluding the analysis of G-D spectra, it should note on the connection of widely 
used parameter 
𝐼𝐷
𝐼𝐺
⁄  with the real size of graphenous fragments. The advantage of this study, 
which allows us considering directly the relationship of this parameter with the size of the 
graphenous fragments, is the availability of independent data on the size of the studied BSUs 
obtained in previous studies [26, 27] and presented in Table 1. Basing on these data, we come to 
unexpected results. So, for natural amorphics (spectra in Figs. 6b-d), the BSU sizes of which are 
approximately the same, the 
𝐼𝐷
𝐼𝐺
⁄ doubles. The parameter for CB632 (Fig. 6h) of practically the 
same lateral size is close to that for AnthX, but differs from both ShC and AnthC. The same can 
be said about the parameters for spectra CB624, TE-rGO, and Ak-rGO (Figs. 6e-g) with similar size 
parameters. Thus, the parameter 
𝐼𝐷
𝐼𝐺
⁄ can hardly be considered as an indicator of the size of 
graphenous fragments. The same conclusion was reached by the Italian researchers on the 
analysis of the G-D spectra of PAHs [39], which, in itself, is quite obvious, since the main Ex. (1) 
determining the intensity of the G and D bands does not contain parameters indicating a direct 
addressing to the molecule size. 
  
 
7. Two-phonon Raman spectra of sp2 amorphous carbons 
 
Second-order Raman spectra of graphene materials have a long and rich history. Initially 
discovered in different graphite materials in the form of doublet of bands at ~ 2720 cm– 1 (strong) 
and 3248 cm– 1 (very weak) [2, 75], designated as G '(then 2D) and 2G, respectively, this region 
of the spectrum demonstrating interesting properties has since been actively analyzed [76-79] 
(references are representative rather than exhaustive). Referring the reader to an excellent 
review of the state of art in this area [80], we will focus only on two features of the 2D band, 
which are important for further discussion. (i) There are no bands in the one-phonon spectrum 
of ideal graphite [75] and graphene [77] crystals, whose overtones or composite combinations 
can be assigned as the 2D band. Only in graphite and/or graphene materials, which are obviously 
devoid of an ideal structure, the source of the overtone is interconnected with the band D. This 
fact is tightly connected with the origin of the two-phonon spectrum of graphenous materials. 
According to the fundamentals of Raman scattering [60], anharmonic dependence on normal 
vibrations of both vibrational and electronic energies (so called mechanic and electric 
anharmonicities) leads to the appearance of IR and Raman vibrational spectra beyond one-
phonon. Mechanic anharmonicity is described with the third derivatives of potential energy while 
electric one results from the second derivatives of the object polarizability in Ex.(1). The two 
features influence the band-shape of the two-phonon spectra differently. Thus, the inconsistency 
of the band-shapes of one- and two-phonon spectra found in the case of RS of graphenous 
crystals convincingly evidences a predominant role of the electric anharmonicity (el-
anharmonicity below).  
(ii) The second peculiarity of the 2D band concerns the surprising variability of its intensity 
with respect to the G band. So, in graphite crystal, the ratio of the total intensities 
𝐼2𝐷
𝐼𝐺
⁄  is ~ 1; 
in graphene crystal, it is equal to ~ 6 [78]; and in graphene whiskers it exceeds 13 [77]. Such large 
values and sharp fluctuations in the intensity of 2D bands, as well as the observation in graphite 
whiskers with an ideal crystal structure of a broad high order Raman spectrum located in the 
high-frequency region up to 7000 cm-1, indicate an exceptionally big role for el-anharmonicity in 
this case. The authors are not aware of other examples of such a striking effect. Apparently, this 
property should be added to the treasure-box of graphenous materials uniqueness.  
Despite the huge number of publications concerning RS of graphenous materials and the 
2D band, in particular, the relationship of the 2D band with el-anharmonicity has not been 
considered. At the same time, modern vibrational spectroscopy attaches great importance to 
both mechanical and electrical anharmonicity, the participation of which provides good 
agreement between the experimental and calculated spectral data without fitting parameters 
[81–83]. Currently, this new approach can be applied to mid-size molecules such as thiophene or 
naphthalene, but the work on computational modules continues, so that graphenous molecules 
can be apparently considered in the near future. Nevertheless, the already obtained data on the 
quantitative accounting of anharmonicity in small molecules allow judging that the above-
described behavior of the 2D band intensity in ideal crystals at a qualitative level is quite 
expected, if to assume the anharmonic behavior of the vibrational and electronic spectra of 
graphene-like structures to be peculiar. We dare to suggest that the highly delocalized character 
of the electron density of the graphene and/or graphite crystal [36] contributes to such a 
pronounced anharmonicity. Moreover, the role of this feature in mechanical effect is evidently 
not direct. In contrast, the second derivatives of polarizability are directly determined by the 
state of the electronic system, which, possibly, determines the special role of el-anharmonicity 
in graphene.  
Delocalization of electron density is characteristic not only of graphite and/or graphene 
crystal, but also of graphenous molecules [84]. If the assumption stated above is true, then a 
second-order spectrum should also be observed in RSs of such molecules, of PHAs, for example, 
largely discussed in the previous section. It should be expected that the intensity of this spectrum 
will be lower than the total intensity of the G and D bands, since experimental studies have shown 
that with the destruction or “molecularization” of graphite [75, 76] and graphene [5-7, 78, 80], 
the intensity of the two-phonon spectrum decreases and its band-shape broadens. It is this kind 
of spectrum that was recorded in the case of two PAH molecules [42]. Looking at the spectra 
from this standpoint, we see that, actually,  both spectra consist of the doublet of well-defined 
and narrow bands G and D located at 1603 and 1316 cm– 1, accompanied by an intense broad 
band with weakly expressed maxima at ~2610 , ~2835, and ~2910 cm-1. The first and last 
frequency markers are in good agreement with the frequencies of 2D and D + G bands. The 
appearance of the second maximum is obviously associated with the combination bands whose 
sources in the one-phonon spectrum have yet to be determined thus supporting the el-
anharmonicity origin of the spectra. In general, the band-shape of RS of both molecules is similar 
to that one’s of the studied ASs shown in Fig. 3. Consider these spectra now in more details.  
Presented in Fig. 9 is a collection of two-phonon RSs of the studied sp2 ACs. The first 
feature of the spectra is that a characteristic four-component structure, clearly distinguished in 
the spectra of two graphites (Fig. 9a) and carbon black CB624 (Fig. 9e), can be traced in the 
spectra of all other ACs.  Three frequency markers at ~2700, ~2940, and ~3200 cm-1, convincingly 
attributed to 2D, D+G, and 2G combinations, are steadily observed in all spectra. The fourth 
marker at 2440 cm-1, whose assignment remains unclear, is hidden in the law-frequency tails of 
other spectra. Important to note that the marker involves at least one fundamental mode with 
frequency less than that of the lowest D mode and that modes of this kind have never been 
observed in the one-phonon spectra. This feature is one more argument in favor of the el-
anharmonic origin of the second-order RS of graphenous materials.   
Among the studied amorphics, the spectrum of black carbon CB624 occupies a central 
place. Thus, its close similarity with the spectrum of ncr  graphite indicates that, despite the 
obvious difference in size of the short-range order region in the graphite and amorphic BSU, in 
both cases we are dealing with well-ordered structures making it possible to consider the spectra 
band-shape in the quasi-particle phonon approximation (widely reviewed in [79, 80]). As known 
from the solid-state physics, quasi-particle description, based on the conservation of 
translational symmetry, is applicable with respect to size-restricted bodies when the size exceeds 
a critical value characteristic to the particle under consideration. In the case of phonons, the 
phonon free path determines this critical size (see the discussion of the issue for amorphics with 
molecular structure in [53, 84-86]). The crystal-like band-shape of the RS of carbon black CB624 
under consideration evidences that the free path of optical phonons in graphene crystal is  14.6 
nm, as follows from Table 1. This conclusion is fully supported by the behavior of one-phonon 
spectra of these solids shown in Fig. 6.  
On the other hand, comparing the spectrum of CB624 with those of natural amorphics in 
Fig. 9b-d shows that despite a decrease of BSUs size of the latter by more than an order of 
magnitude, the short-range ordering in these representatives significantly preserved. It looks like 
to be more regular for shungite carbon and of a lesser extent for anthraxolite and anthracite. 
However, there might be another reason for the difference in the spectra band-shape. The lack 
of both translational and point symmetry makes it possible to deal with el-anharmonicity 
concerning a large pool of the molecules C=C stretchings that cover a large frequency region. So 
far the theory of anharmonic RS [81-83] has not offered general regularities that govern the 
selection of particular modes for two-phonon spectra. Nevertheless, it is evident that this 
concerns a group of modes and when the pool is large, the group can be rather populated, which, 
in its turn, leads to a significant broadening of the two-phonon band-shape. Evidently, vibrational 
forms of the modes lay the foundation for the predominance in selection. It can be expected that 
changing vibrational forms will obviously lead to the change of the two-phonon band-shape. 
BSUs of shungite, anthraxolite and anthracite belong to different families of graphenous 
molecules, C=C stretchings of which possess different vibrational form, at least partially. 
And finally, a comparison of the CB624 spectrum with the spectra of technical graphenes 
in Fig. 9f-g reveals how strikingly can differ the short-range order of graphenous amorphics,  
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Figure 9. Two-phonon Raman spectra of sp2 amorphous carbons. Sample marking is the same as in Fig. 3. 
 
characterized by the commensurate sizes of BUSs differing in the chemical composition of their 
circumferences. The issue perfectly supports the discussion concerning the role of vibrational 
forms presented above. Thus, the presented collection of spectra reflects a wide range of 
possible structural formations underlying amorphous carbons, the types and difference between 
which can be revealed using the characteristic features of the two-phonon Raman scattering 
spectra. It should be noted that the two-phonon spectra turn out to be more sensitive in this case 
than one-phonon ones. 
Concluding the analysis, one more thing should be mentioned. The frequency range of 
the studied two-phonon spectra coincides with the region of characteristic group frequencies 
(GFs) [74, 87], related to C-H stretching vibrations. Since, as seen in Table 2, all the studied 
amorphics, besides carbon blacks, are significantly hydrogenated, we tried to find the evidence 
of the hydrogen presence. However, none of the features related to the spectra observed can be 
attributed to characteristic GFs, such as 3050 cm-1 related to methine groups [67] of natural 
amorphics as well as 2870-2970 cm-1 and 2920-2980 cm-1 of methylene and methyl groups [67] 
of technical graphenes TE-rGO and Ak-rGO, respectively. If hidden inside the broad bands, they 
might be revealed by a particular technique to be developed.  
 
 
8. Conclusion 
 
 Long-term and numerous studies of amorphous solids have led researchers to the idea 
that a confident interpretation of their Raman spectra is inseparable from the consideration of 
the nature and type of the solids amorphization. In the current work, these two aspects were 
considered together with respect to sp2 ACs. Previous structural and analytical studies of these 
solids were analyzed from this viewpoint, due to which it was established that the they can be 
attributed to molecular amorphics of a new type of amorphism, which can be called enforced 
fragmentation. Chemical reactions occurred at the fragment edges are suggested to be one of 
the most important causes of this particular disordering. The fragments are stable graphenous 
molecules, once the basic structural units (BSUs) of ACs of various origins. The weak wdW 
interaction between the BUSs makes them the main defendants for the numerous properties of 
solids, including their IR absorption and Raman scattering. In this connection, Raman spectra of 
sp2 ACs are considered at the molecular level, which is perfectly suitable to case in contrast with 
just formal and very ill-founded, although widely used, double resonant Raman scattering 
approach. The molecular approximation is confirmed by the detail similarity of the spectra of 
studied solids and 2D PAHs studied earlier. The similarity itself evidences a governing role of the 
2D honeycomb structure of both BSUs and PAHs due to which a standard G-D image of the 
spectra remains until the structure is fully destroyed.  
 The application of molecular approximation to the analysis of one-phonon spectra of the 
studied sp2 ACs makes it possible to explain the broadband shape of the G-D spectra as the 
evidence of a considerable dispersion of the molecules С=С bonds. Additionally, it is possible to 
associate individual differences in the spectra with different degrees of the dispersion, caused by 
the influence of chemical action, deformation, etc.  It is this last circumstance that connects 
details of the Raman spectra of the AC BSUs in question with the history of the origin and 
production of the studied solids. 
 In the current study, the molecular approximation was first applied to the analysis of the 
two-phonon spectrum of sp2 ACs. Based on the fundamentals of the Raman scattering by 
molecules, explaining its origin by inducing a dipole moment, which is determined by the 
dependence of the molecule polarizability on normal coordinates, the features of the two-
phonon spectrum of graphenous molecules are explained by a particular role of electrical 
anharmonicity. A suggestion concerning the special role of this effect in the carbon honeycomb 
structures addresses a high degree of the electron density delocalization.  
Despite a perfect suitability of molecular approach to the interpretation of both one- and 
two-phonon spectra of the studied amorphics, it was possible to trace the transition from the 
molecular to the quasi-particle phonon approach when the lateral size of the ACs BSUs reaches 
14.6 nm. The value can be used as an evaluation of a mean free path of optical phonons of 
graphite and/or graphene crystals originated from C-C stretchings.  
In conclusion, it should be noted that the molecular approach makes it possible to carry 
out a coherent consideration of both one- and two-phonon spectra of sp2 ACs, closely linking 
spectral individual characteristics with the structural and chemical features of the species BSUs. 
At the same time, once caused by the vibrations of carbon atoms, Raman spectra of these solids 
depend on chemical impurities indirectly through the influence of the latter on the C=C bond 
distribution, which makes the spectral technique non-applicable for a direct testing of the full 
chemical composition.  
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21. Natkaniec, I.; Sheka, E. F.; Drużbicki, K.; Hołderna-Natkaniec, K.; Gubin, S. P.; Buslaeva, 
E. Yu.; Tkachev, S. V. Computationally supported neutron scattering study of parent 
and chemically reduced graphene oxide. J. Phys. Chem. C 2015, 119, 18650–18662.  
22. Sheka, E. F.; Natkaniec, I.; Mel’nikov, V.; Druzbicki, K. Neutron scattering from 
graphene oxide paper and thermally exfoliated reduced graphene oxide. 
Nanosystems: Phys. Chem. Math. 2015, 6, 378-393. 
23. Sheka, E. F.; Natkaniec, I.; Rozhkova, N. N.; Buslaeva, E. Yu.; Tkachev, S. V.; Gubin, S. P.; 
Mel’nikov, V. P. Parent and reduced graphene oxide of different origin in light of 
neutron scattering. Nanosystems: Phys. Chem. Math. 2016, 7, 71-80. 
24. Sheka, E. F.; Natkaniec, I. Neutron scattering of parent and reduced graphene oxide. 
Rev. Adv. Mat. Sci. 2017, 49, 1-27. 
25. Sheka, E.F.; Hołderna-Natkaniec, K.; Natkaniec, I.; Krawczyk, J. X.; Golubev, Ye.A.; 
Rozhkova, N.N.; Kim, V.V. ; Popova, N.A.; Popova, V.A. Computationally supported 
neutron scattering study of natural and synthetic amorphous carbons. J. Phys. Chem. 
C 2019, 123, 15841-15850. 
26. Golubev, Ye. A.; Rozhkova, N. N.; Kabachkov, E. N.; Shul'ga, Y. M.; Natkaniec-Hołderna, 
K.; Natkaniec, I.; Antonets, I. V.; Makeev, B. A.; Popova, N. A.; Popova, V. A.; Sheka, E. 
F. sp2 Amorphous carbons in view of multianalytical consideration: normal, expeсted 
and new. J. Non-Cryst. Solids 2019, 524, 119608. 
27. Sheka, E. F.; Natkaniec, I.; Ipatova, E. U.; Golubev, Ye. A.; Kabachkov, E. N.; Popova, V. 
A. XPS Supported INS and DRIFT spectroscopy of sp2 amorphous carbons. 
arXiv:1911.12208 [cond-mat.mtrl-sci], 2019. 
28. Sheka, E. F.; Rozhkova, N. N. Shungite as the natural pantry of nanoscale reduced 
graphene oxide. Int. J. Smart Nano Mat. 2014, 5, 1-16.  
29. Razbirin, B. S.; Rozhkova, N. N.; Sheka, E. F.; Nelson, D. K.; Starukhin, A. N. Fractals of 
graphene quantum dots in photoluminescence of shungite. J. Exp. Theor. Phys. 2014, 
5, 838-850. 
30. Lobzova, R. V. Graphite and Alkaline Rocks of the Botogolsk Massif; Nauka: Moscow, 
1975 (in Russian). 
31. Bukalov, S. S.; Mikhlicyn, L. A.; Zubavichus, Ya. V.; Leytes, L. A.; Novikov, Yu. N. Study 
of structure of graphites and other sp2 carbonaceous materials using Raman scattering 
microspectroscopy and X-ray diffractometry. Ross. Khim. J. 2006, 50, 83-91 (in 
Russian).  
32. Golubev, Ye. A.; Isaenko, S. I.; Prikhodko, A. S.; Borgardt, N. I.; Suvorova, E. I. Raman 
spectroscopic study of natural nanostructured carbon materials: shungite vs. 
anthraxolite. Eur. J. Mineral. 2016, 28, 545–554. 
33. Hoffmann, R. Small but strong lessons from chemistry for nanoscience. Angew Chem. 
Int. Ed. 2013, 52, 93-103. 
34. Müller, M.; Iyer, V. S.; Kübel, C.; Enkelmann, V.; Müllen, K. Polycyclic aromatic 
hydrocarbons by cyclodehydrogenation and skeletal rearrangement of 
oligophenylene.  Angew. Chem. Int. Ed. Engl. 1997, 36, 1607-1610. 
35. Iyer, V. S.; Wehmeier, M.; Brand, J. D.; Keegstra, M. A.; Müllen, K. From Hexa-peri-
hexabenzocoronene to “Superacenes”. Angew. Chem. Int. Ed. Engl. 1997, 36, 1604-
1607. 
36. Sheka, E.F. Spin Chemical Physics of Graphene; Pan Stanford: Singapore, 2018. 
37. Mapelli, C.; Castiglioni, C.; Meroni, E.; Zerbi, G. Graphite and graphitic compounds: 
vibrational spectra from oligomers to real materials. J. Mol. Struct. 1999, 480-481, 615-
620. 
38. Mapelli, C.; Castiglioni, C.; Zerbi, G.; Müllen, K. Common force field for graphite and 
polycyclic aromatic hydrocarbons. Phys. Rev. B 1999, 60, 12710 -12725. 
39. Castiglioni, C.; Mapelli, C.; Negri, F.; Zerbi, G. Origin of the D line in the Raman spectrum 
of graphite: a study based on Raman frequencies and intensities of polycyclic aromatic 
hydrocarbon molecules. J. Chem. Phys. 2001, 114, 963-974. 
40. Rigolio, M.; Castiglioni, C.; Zerbi, G.; Negri, F. Density functional theory of the 
vibrational spectra of polycyclic aromatic hydrocarbons: effect of molecular symmetry 
and size on Raman intensities. J. Mol. Struct. 2001, 563-564, 79-87. 
41. Castiglioni, C.; Negri, F.; Rigolio, M.; Zerbi, G. Raman activation in disordered graphites 
of the A 1 ′ symmetry forbidden k≠0 phonon: the origin of the D line. J. Chem. Phys. 
2001, 115, 3769-3778. 
42. Negri, F.; Castiglioni, C.; Tommasini, M.; Zerbi, G. A computational study of the Raman 
spectra of large polycyclic aromatic hydrocarbons: toward molecularly defined 
subunits of graphite. J. Phys. Chem. A 2002, 106, 3306-3317.  
43. Castiglioni, C.; Di Donato, E.; Tommasini, M.; Negri, F.; Zerbi, G. Multi-wavelength 
Raman response of disordered graphitic materials: models and simulations. Synth. 
Met. 2003, 139, 885–888. 
44. Di Donato, E.; Tommasini, M.; Fustella, G.; Brambilla, L.; Castiglioni, C.; Zerbi, G.; 
Simpson, C. D.; Müllen, K.; Negri, F. Wavelength-dependent Raman activity of D2h 
symmetry polycyclic aromatic hydrocarbons in the D-band and acoustic phonon 
regions. Chem. Phys. 2004, 301, 81–93. 
45. Negri, F.; di Donato, E.; Tommasini, M.; Castiglioni, C.; Zerbi, G.; Müllen, K. Resonance 
Raman contribution to the D band of carbon materials: modeling defects with 
quantum chemistry. J. Chem. Phys. 2004, 120, 11889-11900. 
46. Castiglioni, C.; Tommasini, M.; Zerbi, G. Raman spectroscopy of polyconjugated 
molecules and materials: confinement effect in one and two dimensions. Philos. Trans. 
R. Soc. A: Math. Phys. Eng. Sci. 2004, 362, 2425–2459. 
47. Tommasini, M.; Di Donato, E.; Castiglioni, C.; Zerbi, G. Relaxing the graphite lattice 
along critical directions: the effect of the electron phonon coupling on the pi electron 
band structure. Chem. Phys. Lett. 2005, 414, 166-173. 
48. Elliot, S.R. Physics of Amorphous Materials; Longman: London, New York, 1983. 
49. Sheka, E. F.  Stretching and breaking of chemical bonds, correlation of electrons, and 
radical properties of covalent species. Advances in Quantum Chemistry 2015, 70, 111-
161. 
50. Sheka, E. F. Silicene is a phantom material. Nanosyst. Phys. Chem. Math. 2016, 7, 983-
1001. 
51. Avdeev, M. V.; Tropin, T. V.; Aksenov, V. L.; Rosta, L.; Garamus, V. M.; Rozhkova, N. N. 
Pore structures in shungites as revealed by small-angle neutron scattering. Carbon 
2006, 44, 954-961. 
52. Broude, V. L.; Klimusheva, G. V.; Prikhotjko, A. F.; Sheka, E. F.; Yatcenko, L. P. 
Absorption Spectra of Molecular Crystals; Polysubstituted Benzene Compounds; 
Naukova Dumka: Kiev, 1972 (in Russian). 
53. Sheka, E. F. Spectroscopy of amorphous substances with molecular structure. 
Sov. Phys. Usp. 1990, 33, 147–166. 
54. Franklin, R. E. Crystallite growth in graphitizing and non-graphitizing carbons. Proc. R. 
Soc. Lond. A Mat.Phys. Sci. 1951, 209, 196-218. 
55. Beyssac, O.; Rouzaud, J.-N.; Goffé, B.; Brunet, F.; Chopin, C. Graphitization in a high-
pressure, low-temperature metamorphic gradient: a Raman microspectroscopy and 
HRTEM study. Contrib. Mineral. Petrol. 2002, 143, 19–31. 
56. Buseck, P. R.; Huang, B.-J. Conversion of carbonaceous material to graphite during 
metamorphism. Geochim.Cosmochim. Acta 1985, 49, 2003–2016. 
57. Kovalevski, V. V.; Buseck, P. R.; Cowley, J. M. Comparison of carbon in shungite rocks 
to other natural carbons: an X-ray and TEM study. Carbon 2001, 39, 243–256.  
58. Sheka, E. F. Graphene oxyhydride catalysts in view of spin radical chemistry. Materials 
2020, 13, 565. 
59. Deng, D.; Yu, L.; Pan, X.; Wang, S.; Chen, X.; Hu, P.; Sunb, L.; Bao, X. Size effect of 
graphene on electrocatalytic activation of oxygen. ChemComm 2011, 47, 10016–
10018. 
60. Long, D.A. The Raman Effect: A Unified Treatment of the Theory of Raman Scattering 
by Molecules; Wiley: Chichester, 2002.  
61. Cardona, M. Resonance phenomena. In Light Scattering in Solids II; Cardona, M., 
Güntherodt, G., Eds.; Springer: Berlin, 1982; Vol. 50, pp 19–176. 
62. Jäckle, J. Models of the glass transition. Rep. Prog. Phys. 1986, 49, 171-232. 
63. Shucker, R.; Gamon, R. W. Raman-scattering selection-rule breaking and the density of 
states in amorphous materials. Phys. Rev. Lett. 1970, 25, 222. 
64. Jawhari, T.; Roid, A.; Casado, J. Raman spectroscopic characterization of some 
commercially available carbon black materials. Carbon 1995, 33, 1561-1565. 
65. Sato, K.; Saito, R.; Oyama, Y.; Jiang, J.; Cançado, L. G.; Pimenta, M. A.; Jorio, A.;  
Samsonidze, Ge. G.; Dresselhaus, G.; Dresselhaus, M. S. D-band Raman intensity of 
graphitic materials as a function of laser energy and crystallite size. Chem. Phys. Lett. 
2006, 427, 117–121.  
66. Kouketsu, Y.; Mizukami, T.; Mori, H.; Endo, S.; Aoya, M.; Hara, H.; Nakamura, D.;  Wallis, 
S. A new approach to develop the Raman carbonaceous material geothermometer for 
low-grade metamorphism using peak width. Island Arc 2014, 23, 33–50. 
67. Varsanyi, G. Vibrational Spectra of Benzene Derivatives; Academic Press: New York, 
1969.  
68. Yamakita, Y.; Kimura, J.; Ohno, K. Molecular vibrations of [n]oligoacenes (n=2−5 and 
10) and phonon dispersion relations of polyacene. J. Chem. Phys. 2007, 126, 064904. 
69. Jorio, A.; Lucchese, M. M.; Stavale, F.; Martins Ferreira, E. H.; Moutinho, M. V. O.;  
Capaz, R. B.; Achete, C. A. Raman study of ion-induced defects in N-layer grapheme.  J. 
Phys. Condens. Matter 2010, 22, 334204. 
70. Sheka, E. F.; Popova, N. A. Odd-electron molecular theory of the graphene 
hydrogenation.  J. Mol. Modeling 2010, 18, 3751. 
71. Sheka, E. F.; Popova, N. A. Molecular theory of graphene oxide. Phys. Chem. Chem. 
Phys. 2013, 15, 13304-13335. 
72. Badger, R. M. A relation between internuclear distances and bond force constants. J. 
Chem. Phys. 1934, 2, 128. 
73. Kurita, E.; Matsuura, H.; Ohno, K. Relationship between force constants and bond 
lengths for CX (X = C, Si, Ge, N, P, As, O, S, Se, F, Cl and Br) single and multiple bonds: 
formulation of Badger’s rule for universal use. Spectrochim. Acta A 2004, 60, 3013–
3023. 
74. Coates, J. Interpretation of Infrared spectra. A practical approach. In Encyclopedia of 
Analytical Chemistry. Application, Theory and Instrumentation, 2nd ed.; Meyers, R. A., 
Ed.; Wiley: Chichester, 2006; pp 1-23.  
75. Nakamizo, M.; Honda, H.; Inagaki, M. Raman spectra of ground natural graphite. 
Carbon 1978, 16, 281-283.  
76. Vidano, R.; Fischbach, D. B. New lines in the Raman spectra of carbons and graphite. J. 
Am. Ceram. Soc. 1978, 61, 13-17. 
77. Tan, P. H.; Hu, C. Y.; Dong, J.; Shen, W. C.; Zhang, B. F. Polarization properties, high-
order Raman spectra, and frequency asymmetry between Stokes and anti-Stokes 
scattering of Raman modes in a graphite whisker. Phys. Rev. B 2001, 64, 214301. 
78. Ferrari, A. C.; Meyer, J.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.; Piscanec, S.;  
Jiang, D.; Novoselov, K.; Roth, S.; Geim, A. Raman spectrum of graphene and graphene 
layers. Phys. Rev. Lett. 2006, 97, 187401. 
79. Saito, R.; Hofmann, M.; Dresselhaus, G.; Jorio, A.; Dresselhaus, M. S. Raman 
spectroscopy of graphene and carbon nanotubes. Adv. Phys. 2011, 60, 413-550. 
80. Jorio, A.; Dresselhaus, M.S.; Saito, R.; Dresselhaus, G. Raman Spectroscopy in Graphene 
Related Systems, Wiley-VCH, Weinheim, Germany, 2011. 
81. Barone, V.; Biczysko, M.; Bloino, J. Fully Anharmonic IR and Raman spectra of medium-
size molecular systems: accuracy and interpretation. Phys. Chem. Chem. Phys. 2014, 
16, 1759−1787. 
82. Bloino, J.; Biczysko, M.; Barone, V. Anharmonic effects on vibrational spectra 
intensities: infrared, Raman, vibrational circular dichroism, and Raman optical activity. 
J. Phys. Chem. A 2015, 119, 11862−11874. 
83. Bloino, J.; Baiardi, A.; Biczysko, M. Aiming at an accurate prediction of vibrational and 
electronic spectra for medium-to-large molecules: an overview. Int. J. Quant. Chem. 
2016, 116, 1543-1574.  
84. Sheka, E. F. Molecular theory of graphene. In Advances in Quantum Methods and 
Applications in Chemistry, Physics, and Biology; Hotokka, M., Brändas, E. J., Maruani, 
J., Delgado-Barrio, G., Eds.; Progress in Theoretical Chemistry and Physics; Spinger: 
London, New York, 2013; Vol. 27, pp 249-284.   
85. Dolganov, V. K.; Kroo, N.; Rosta, L.; Sheka, E. F.; Szabort, J. Multimode polymorphism 
of solid MBBA. Mol. Cryst. Liq. Cryst. 1985, 127, 187-194. 
86. Rosta, L.; Kroo, N.; Dolganov, V. K.; Pacher, P.; Slmkln, V. G.; Torok, G.; Pepy, G. Ten 
phases of MBBA (a new phase diagram). Mol. Cryst. Liq. Cryst. 1987, 144, 297-307. 
87. Colthup, N. B.; Daly, L. H.; Wiberley, S. E. Introduction to Infrared and Raman 
Spectroscopy, 3d ed.; Academic Press: New York, 1990. 
 
 
 
 
 
 
 
 
